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CHAPTER 
INTRODUCTION 
1 . 1 I nt roductory Remarks 
The time of occurrence, as well as location, size and other character-
istics of future earthquakes in a seismic region are unpredictable. The 
analysis of earthquake effects of concern to engineering, therefore, 
requires probabil ity consideration. More specifically, the design of a 
structure, in a seismically active region, would properly require the 
probabil istic assessment of the severity or destructive potentials of 
future earthquakes at a given site, and of the resulting structural 
response. In most cases, design for zero risk is neither practically 
possible nor economically desirable; a trade-off between costly designs 
and expected tangible and intangible losses during future earthquakes 
is invariably necessary. 
The present study is concerned with the probabil istic assessment of 
future ground motion intensities;', at a site. The term Iiseismic riskll is 
used herein to denote the probabil ity that the maximum ground motion at a 
given site will exceed a specified intensity within a specified time 
interval. As in other extrem~. natural hazards (wind, flood, etc.), the 
seismic risk can be conveniently expressed in terms of the exceedance 
probabil ity per year, or its inverse, the average return period in years. 
;"The term Ilintensityll is used in this study in a general sense. It 
refers to a parameter that measures the severity of ground shaking, e.g. 
maximum ground acceleration, velocity, or displacement, or the Modified 
Mercalli intensity scale. 
3 
sites; and (at best) are seldom sufficient for the direct estimation of 
the seismic risk for a specific site. Therefore, the use of deductive 
information derived from models of potential earthquake sources and the 
propagation mechanism of the ground motion between the source and a site 
is essential; The development and use of such information in seismic 
risk analysis have been introduced by Cornell [8], Milne and Davenport 
[40], and Esteva [18]. 
In particular, the analytical method proposed by Cornell recognizes 
different types of sources around a site (i.e. fault lines, areal sources 
and point sources) each having magnitude distribution and activity rate 
based on statistical data, and a ground motion attenuation equation is 
used to relate site intensity to magnitude and focal distance. The 
seismic risk at a site is then obtained by integrating over all focal 
distances. Assuming that the occurrences of earthquakes constitute a 
Poisson process,a Type I I extreme-value distribution for intensity at the 
site is obtained [8]. 
The Poisson process model of the occurrences of large-magnitude 
earthqua~es has been well-studied (e.g. Refs. 29,34,35 and 37). Although 
the process is not consistent with the elastic rebound theory of earthquakes, 
this is an acceptable model for describing or model ing the occurrences of 
the main shocks which are of major concern [29,37] in engineering. Refine-
ment of this model to include the clustering of earthquakes [47] or the use 
" 
of Markov processes [49] are possible, but they introduce considerable 
analytical complications. In most cases, for the determination of design 
ground motions with return periods of a few decades to a few centuries, 
the simple Poisson process seems to provide useful and adequate informa-
tion [45]. 
-r--. 
. ; 
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To the authors· knowledge, the results obtained with point-source 
models have not been compared directly with observed data recorded at a 
site. This step seems to be necessary in establishing the credibility 
of a proposed prediction technique. 
A major source of uncertainty in the calculated seismic risk is in 
the attenuation equation. Esteva [18,20] has introduced a method to 
incorporate this uncertainty in the risk analysis. The method amounts 
to correcting the intensity, for each return period, by a constant factor 
related to the degree of uncertainty in the attenuation equation and to 
certain regional parameters. The correction factor for practical cases 
is quite large, e.g. 4 or even greater for ground acceleration. It is 
bel ieved that certain simpl ifications in Esteva·s formulation led to this 
exaggerated estimate of the correction factor. 
Esteva [17,18] and Benjamin [7] have discussed the appl ication of 
the Bayesian probability techniques to seismic risk analysis. These are 
most useful for obtaining magnitude distribution at sources for which 
sufficient data is not available. 
Recently there have been studies to obtain the seismic risks associated 
with structural response parameters [20,38]. Attenuation equations for 
the spectral response at different frequencies have been established 
through regression analysis [38] and have been used with the point-
source model. 
1.3 Objectives and Scope of Study 
Currently, it is generally believed that the' major tectonic earth-
quakes originate as sl ips along geologic faults [25,41]. The length of 
the sl ipped area depends on the size of the quake and may be several 
x 
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that (contrary to previous bel ief [12]) a major portion of the seismic 
:~. 
J 
risk is contributed by large earthquakes including those with distant 
epicenters, and that the risk may be quite sensitive to the upper bound 
magnitude. These are especially true for high intensity ground motions 
(long return periods). In this chapter, the point-source and 1 ine-source 
models are compared. It is demonstrated that the point-source model 
consistently underestimates the risk, especially for high intensity 
motions. 
The uncertainties in seismic risk analysis are discussed in Chapter 
5. The sources of uncertainties are described, and methods are presented 
for including these uncertainties in the seismic risk estimation. 
In Chapter 6, two case studies are presented. The first study, which 
is for a site in downtown San Francisco, is analyzed in detail to 
demonstrate the appl icabil ity and 1 imits of the model, and to investigate 
the sensitivity of· the results to different assumptions. Wherever possible, 
comparisons with actual data or with previous results are made. 
In Chapter 7, construction of design response spe~tra corresponding 
to specified return periods is discussed. The concept and development 
of a risk-consistent spectrum is presented; it is shown that this spectrum, 
.. , 
~ 
unl ike the conventional design spectrum includes the effects of the level 
of risk and the regional characteristics of the site. The results from 
the two case studies presented- in Chapter 6 are explored further; it is 
demonstrated that the conventional design spectra are generally not 
risk-consistent . 
. J 
The summary and principal conclusions of the present work are 
described in Chapter 8. 
9 
1 imiting values of m 
N(m) = number of earthquakes with magnitude m and greater 
p(X) probability of event X 
qi (y) = probabil ity that a given earthquake in ith source will cause 
intensity greater than y at a site 
r = shortest distance of a site from a sl ipped area 
R = a random variable describing the shortest distance of a site from 
a slipped area 
r shortest distance of a site from the sl ipped area of a given y 
magnitude earthquake which causes intensity y at the site 
r = shortest distance to a fault 
a 
r = mean of r for varying s 
s = length of slip extended on one side of an earthquake focus 
S = random slip length extended on one side of an earthquake focus 
sl = value of s corresponding to ml , also the lower bound of s for a 
given m 
s2 = upper bound of s for a given m 
s = mean of s for a given m 
return period for intensities in excess of y 
v = maximum ground velocity 
w. = weighing factor for A. 
I I 
x y a distance on a fault defined in Sect. 3.3.1 
Xl ,X2 = random variables defined in Sect. 5.2 
y = intensity of ground shaking 
Y = random variable describing the intensity at a-site due to an earth-
quake of random magnitude and location. 
Y = random variable describing the intensity at a site, including the 
a 
" ~ 
-;'-,': : 
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CHAPTER 2 
CHARACTERISTICS OF EARTHQUAKES 
2.1 Earthquake Cause and Mechanism 
It is bel ieved that most earthquakes of significance to engineering 
are of tectonic origin. Tectonic earthquakes are caused by the sudden 
release of the built-up elastic strain in the earth's crust and originate 
as sl ips along geologic faults. This mechanism is associated with the 
release of immense amounts of stored energy. 
In a major earthquake, a chain reaction would take place along the 
entire length or area of slip, but at any given instant the earthquake 
origin - the energy release zone - would 1 ie in a small volume of the 
crust (practically a point) and would travel along the fault [25,41]. 
The total energy of the earthquake, hence, would be released along the 
enti re length or area of sl ip. The point where the sl ippage first occurs 
is the focus of the earthquake; however, only a portion of the total 
energy is released at the focus. 
2.2.1 Sl ip Length 
In a major earthquake, therefore, the slip length is related to the 
total energy released, to the type of fault, and to other geological and 
\ 
regional factors. The amount of released energy is universally measured 
in terms of the Richter magnitude, and many attempts have been made to 
relate slip length to,the Richter magnitude. A 1 inear relationship 
between magnitude and the logarithm of sl ip length has been proposed by 
many authors [31]. This proposal is equivalent to the following 
relationship: 
13 
Despite the vast uncertainty in the sl ip length-magnitude relation-
ship, such relationships are useful for seismic risk analysis. The effect 
of this uncertainty on the estimated risk is analyzed in Chapter 5; it 
-
... is shown that this uncertainty has a much smaller effect on the estimated 
risk, than that from the uncertainty in the attenuation equation. 
It is interesting to note in Fig. 2.1 that for a large earthquake, 
such as magnitude 8, the average slip length is of the order of several 
hundred ki lometers. It may also be noted that in most seismic risk 
studies [11,14,19], all earthquakes with epicenters within about 200 
kilometers of the site are considered. On this basis, it would seem 
that for a large earthquake, even if the epicenter is 200 km from the 
site, the energy-release zone could propagate close to the site. This 
fact would indicate the necessity of including the slip length in the 
seismic risk formulation [5]. 
Although the risk model developed herein uses Eq. 2.1 for the slip 
length, any other equation relating the slip length to magnitude may be 
used. 
2.2 Atten~ation Equations 
The use of some type of attenuation equation, that relates the 
intens i ty of ground mot ion to the magnitude and distance, is necessary 
in seismic risk studies; the necessary equation may be based on infor-
I, 
mation other than the intensities recorded at the site. Invariably 
these are empirical formulas relating measures of intensity of ground 
shaking at a site to ~he earthquake magnitude and'distance. In general, 
this relation can be given functionally as: 
15 
distance, hypocentra1 or focal distance, distance to the center of energy 
release, distance to the causative fault, etc. 
In particular, the attenuation formulas (for maximum groun~ 
acceleration, velocity and displacement), based on the focal distance, 
proposed by Esteva and Rosenb1ueth [19] have been used extensively in 
seismic risk studies [8,9,12,20,29]. According to these attenuation 
equations, the isoseisma1 contours will have circular shapes around the 
epicenter, Fig. 2.2b. This is tantamount to the tacit assumption that 
all the energy in an earthquake is released in a small volume of the 
crust -- the focus. As we have seen before, in- the case of a large-
magnitude earthquake, the total energy is released over very large 
volumes of the crust along the sl ips. In this 1 ight, therefore, for 
sites that are close to the causative fault but far from the focus, this 
formulation would tend to underestimate the intensity at a site. 
Donovan [14,15] suggested the use of the distance to the energy 
release zone for moderate sized earthquakes and the closest distance 
to the fault for large events. Comparing different formulas with 
Schnebal and Seed's [46] graphical result, Donovan's equation for 
acceleration proved to give the best results. For these reasons, Donovan's 
equations were adopted in this study for the analysis of ground accelera-
tiona However, the formulas by McGuire [38], which are based on the focal 
distance, are also used for ground displacement, velocity- and acc1eration 
with the focal distance replaced by the shortest distance. 
The formulas mentioned above are summarized in Table 2.1. The 
1 ine-source seismic r-isk model developed herein, however, is not 1 imited 
to any specific attenuation formula; the general form of Eq. 2.6 will 
be equally app1 icable. 
:;1:. 
j 
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a-Sm a-Sm 
e 0 - e 
a-Sm 
e 0 
-S(m-m ) 1 - eo; m>m 
-0 
The corresponding probability density function then is: 
-S(m-m ) Se 0 ; 
= 0 . m<m 
, 0 
m>m 
-0 
(2.10) 
(2. 11 ) 
The above derivation assumes no upper bound for the magnitude. , 
hence it is tantamount to the assumption of the possibility of an infinite 
energy release from earthquakes per unit time. This is, of course, in 
contradiction with physical real ity. To include an upper bound, 
the cumulative distribution function (Eq. 2.10) is modified to: 
or 
P (M<m I m <M<m ) 
0- - u 
-S(m-m ) FM(m) =t[l -e . 0]; 
-S(m-m ) l-e 0 
-S(m -m ) l-e u 0 
m <m<m 
0- - u 
where m is the upper-bound magnitude and: 
u 
t = 
-S{m -m ) l-e u 0 
The corresponding density function then becomes, 
-S(m-m ) 
= tSe 0 
= 0 
m <m<m 
0- - U 
elsewhere 
m , 
u 
(2.12) 
(2. 13) 
(2. 14) 
19 
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CHAPTER 3 
THE LINE-SOURCE MODEL 
3. 1 Potential Sources for a Site 
As discussed before, geologic faults are bel ieved to be the main 
j 
potential sources of destructive earthquakes. However, for many sites 
where the seismic risks may be required, the fault system may not be 
known or well surveyed. For this reason, a comprehensive seismic risk 
model must include potential sources wherein the fault systems are not 
well defined. In this study, three different source models are introduced; 
denoted as types 1, 2 and 3 as defined below: 
j Type 1 source; well-defined fault. The length, direction, and 
position of the fault relative to the site are known. This case would 
be appropriate if the potential sources of seismic activity are 1 imited 
to faults that are well defined (e.g., the San Andreas fault). 
Type 2 source; fault direction known. The exact location of a fault(s) 
relative to a site is unknown, but its dominant orientation is known. 
This case would arise when a certain zone of the crust contains numerous 
active faults with a common orientation, or where the locations of the 
faults are unknown but for geological reasons it is believed that potential 
s1 ips may occur in a dominant direction. 
Type 3 source; unknown faults. The fault locations as well as 
the i r direct ions are unknown. Th i s mode 1 is des,i gned for those cases 
where a potential zone of the crust contains numerous active faults with 
:', .~ 
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Assuming the average occurrence rate in source i relative to that 
over the region remains constant with time, we may express the probabil ity 
of occurrence of the event E. by 
I 
P(E.) 
I 
Now let 
v. 
I 
v 
p(Y>y I E.) = q. (y) 
I I 
Substituting Eqs. 3.3 and 3.4 in Eq. 3.2 we obtain, 
n 
p(Y>y) v L: q.(y} v. 
i=l I I 
(3.4) 
Assume further that the occurrence of earthquakes in the region can 
be modeled by a Poisson process, with the average occurrence rate equal 
to v (pe r yea r) . In any given year, there could be any number of 
earthquakes and during each occurence the intensity at the site may 
exceed y with the probabil ity given in Eq. 3.5. Hence, the cumulative 
distribution function for the intensity at the site for each year can be 
expressed as: 
where 
L: p(Y<y I k earthquakes) P (k earthquakes) (3.6) 
k=l 
p(Y<y I k earthquakes) = [1 - P(Y>y)]k 
and as a consequence of the Poisson process assumption, 
P(k earthquakes) = 
Therefore, 
k -v 
v e 
k! 
(3.8) 
. 'i 
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n 
L: qi (y) v. 
i=l I 
The Poisson process assumes spatial and temporal independence 
between occurrences of earthquakes. Therefore, this process is unable 
to portray earthquakes as the release of gradually accumulated strains 
in the earth's crust or to describe foreshocks and aftershocks. This 
shortcoming woul~ make the Poisson process inaccurate for problems such 
as forecasting the next major earthquake. However, for the appl ications 
of seismic risk analysis to the determination of design ground motion 
intensity and cost-benefit relations of structures, where all potential 
earthquakes within the 1 ifespan of a structure are considered, the simple 
Poisson process is a reasonable approach [45]. This is especially true 
when rare events such as large magnitude earthquakes (or high levels of 
intensity) are of concern [36,37]. 
The use of more sophisticated models, such as the Markov process, 
is possible and has been studied [49]. However, for such models 
conditional information of the events is needed which is difficult to 
obtain; moreover, these models require additional computations which are 
costly and may not always be warranted. 
We observe that the only unknown term in Eqs. 3.11 to 3.13 is q. (y). 
I 
In the subsequent sections this term, which was defined in Eq. 3.4, is 
'. 
evaluated for each of the three types of sources defined earl ier. 
3.3 Determination of qjlYL 
The term q. (y) is defined as the probability that the intensity at 
J 
the site will exceed some specified value y, given the occurrence of an 
F.· ..."'.'11 
L..: 
[ 
[J .... ~ :.:~~ .. : ;', J ~" .. i 
[l 
[ ... : 
' .. 
J" .. 
L 
site to the fault is denoted by 
25 
r . 
o 
The location of the focus is random and could occur (with equal 
1 ikel ihood) anywhere along the fault. Applying the total probabil ity 
theorem, we have 
p(Y>y I E.) 
I 
m 
o 
p [ y>y lEi (m)] f M (m) dm (3.15) 
where E. (m) = Occurrence of an earthquake with magnitude m somewhere 
I .. 
along the fault. 
For a given m and specified intensity y, the attenuation equation. 
yields ry = g2(y,m). This is the shortest distance of a site from the 
sl ip of an m-magnitude earthquake such that it causes intensity y 
at the site. The location of the focus from one end of the fault (closest 
to the site) is described by the distance x (see Fig. 3.1). y 
Observe the following: 
If r <r , the given m-magnitude earthquake will never cause Y>y 
y 0 
at the site. 
If r >r , the intensity at the site will exceed y only if the y 0 
focus occurs somewhere along the x portion of the fault. Therefore, y 
i 
with a uniform probabil ity distribution along the fault, we have 
0 if r <r (3.l6a) y 0 
x 
p [ Y>y I -E i (m) ] , -1. if Xy <L } (3.16b) L 
r >r 
if x >L y- 0 (3.16c) y-
using the results of Eq. 3.16 in the integral of Eq. 3.15, q. (y) becomes 
I 
r.·.:-.·.·: L 
[~'-.. '." .. '. tlj 
~'.;~,":.~" . • ~ •. '1,;; ~ ;:; ~ 
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ii. In certain cases, m2 may be larger than mu' In these instances 
q. (y) becomes 
I 
q. (y) = Jmu ~ 
I L 
ml 
(3.l8b) 
iii. For very high intensity, ml may also be larger than mu' In 
such cases, q. (y) equals zero. 
I 
For more g~neral geometric configurations, such as those shown in 
Figs. 3.2a and 3.2b, q. (y) can be derived from the special case described 
I 
above. Assuming the occurrence rate (activity rate) per unit length of 
the fault to be constant, the fault AC can be treated as two separate 
faults AB and BC with lengths Ll and L2 , respectively. Hence, we have 
Similarly, the fault ED can be decomposed into faults EF and OF with 
lengths Ll and L2 , respectively, whereOF will have a negative occurrence 
rate. For the fault ED, we then have 
3.3.2 Type 2 Sources, Fault' Direction Known 
Consider a seismicly active zone of the earth's crust at a depth 
of h kilometers below the site, denoted by area A, as shown in Fig. 3.3. 
'. 
Suppose that there are either numerous faults in this zone, all of which 
are oriented in the same direction, or there are unknown faults which 
for geological reasons are bel ieved to have a d6minant orientation. The 
common direction of the known or unknown faults is denoted by xz (Fig. 3.3). 
29 
where 
1/2exp(am1 - b) 
In this case, the value for ml is found from 
C 1 ea r 1 y, i f the ea r t h qua k e has a rna g nit u del a r g e r t han m 1 i t w ill 
cause a motion intensity in excess of y; hence, 
(3.28) 
Note that for this type of sources, no integration is necessary but 
numerical evaluation is needed to solve Eq. 3.27. Once ml is determined 
from one of the two equations, Eq. 3.25 or 3.27, the term q.(y) is 
I 
obtained from Eq. 3.28. 
The choice of the dimensions of A. should depend on the distance 
I 
from the site and the depth h. For practical purposes, it appears 
(on the basis of a number of example problems analyzed) that a width of 
h 3 for sources within 2h of the site, and a width of h for farther sources, 
would be adequate. 
3.3.3 Type 3 Source, Unknown Faults 
Consider a seismicly active zone of the crust, at depth 
" 
h below 
the site and denoted by area A, as shown in Fig. 3.4. Assume that the 
fault system is undefined; that is, there is no informatibn on the position 
or direction of the faults in the area A. 
~ 
. -j 
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depend on the relative positions of the two circles. 
a 1 so, 
In Table 3.1 all possible positions of the two circles are considered; 
p[Y>y I E. (m)] and the governing conditions for each case are , 
given. 
Substituting the values of p[Y>y I E. (m)] from Table 3.1 in Eq. 3.29 
1 
we obtain, 
(3.31 ) 
The magnitudes ml , m2 and m3 are found from the governing conditions 
as fo 11 ows: 
r y 
m1 is the larger of m
l and mil where ml is found from the condition 1 1 ' 1 
h, or equivalently 
mi = gl(y,h) (3.32) 
and m'l' is found from the conditionVry2 - h2 + s = d or, equivalently, 
from 
V[92 {y ,m';,)]2 h2 + 1 /2exp (am lll b) = d I, 
is found from the condition Vr 2 h2 + 2 d, or m2 s y 
V[92 (y ,m2)]2 2 2b) - h + 1/4exp(2a~2 - = d (3.34) 
[ 
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if m2 < m < m . or if m < m2 , Eq. 3.31 reduces to u 3 ' u 
qj (y) =r 1.. fM(m)dm 7T 
ml 
(3.31b) 
As was mentioned earl ier, the only geometric term defining LA. is 
I 
its distance d from point B. Hence, LA. may be assumed to be an annular 
I 
sector with center at B. The proper width of the annular section would 
depend on the distance d and depth h. For practical purposes, a width 
h 
of T when d < 2h, and a width equal to h or more when d > 2h should give 
acceptable results. 
3.4 Computer Programs 
A FORTRAN program has been developed to perform all the necessary 
numerical computations. The inputs for this program are the activity 
rates vi' the sl ip length-magnitude relationship, the upper bound and 
lower bound magnitudes, the type and coordinates for each potential source, 
-
the attenuation equation with due consideration for the soil conditions at 
the site, and the regional seismicity parameter S. After evaluating the 
q. (y} values for all the sources, the annual exceedance probabil ity 
I 
corresponding to specified intensity y is obtained from Eq. 
3.11 or Eq. 3.12. This procedure is repeated for a series of y values. 
The outputs from the program are the tabulated results (or a curve) 
relating the ground motion intensity to the annual exceedance probabil ity 
( 0 r ret urn - per i od ) . 
IJ 
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a = (4.1) 
where, m = magnitude of earthquake in Richter's scale, r = the shortest dis-
tance of the site from the sl ipped area in km, and a is the maximum ground 
1 • • I 2 acce eratron In cm sec. 
4.2 The Sensitivity of Seismic Risk to 
the Parameters m
o
' v and B 
Assume that for a given seismic region the earthquake recurrence 
1 i n e, a c cor din g toR i c h t e r 's ma g nit u del a w ( E q. 2. 8) i s a va i 1 a b 1 e; see Fig. 
4.1. The lower bound magnitude, m , on this 1 ine should be such that 
o 
(i) earthquakes of magnitude smaller than m would not produce damaging 
o 
intensities, and (ii) data collected for magnitudes as small as mare 
o 
rel iable. Generally, a value of m ::: 4 is appropriate. 
o 
If the number of earthquakes considered is for one-year period 
v (i .e. the average number of earthquakes of magnitudes larger than 
m in the region per year) is the number corresponding to m on the 
o 0 
recurrence line. 
then 
The slope of this 1 ine is equal to the parameter b (See Eq. 2.8) or 
B 
2.3 
as m . 
u 
We may also assign an upper bound on magnitudes shown on this graph 
Suppose another lower bound magnitude were selected, for example 
m' with v' as the correspondin'g average occurrence rate. This would mean 
o 
neglecting all the earthquakes of magnitudes between m and m'. The change 
o 0 
in the calculated risk .would, of course, depend on the total risk contributed 
by earthquakes in the range m -m'. Clearly, the spatial distribution of 
o 0 
the sources and the level of intensity sought would be determining factors. 
f: .. ::.:-.~ -.'L· 
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with respect to m are of significance; namely 
u 
i. what m should be chosen for each potential source? 
u 
ii. how would the selected value of m influence the risk? 
u 
The answer to the first question may be based on historical data, 
information on fault length, strain accumulation, etc. Unfortunately, 
in most cases, there is insufficient information for an accurate 
determination of m ; yet the use of a finite m value is important in 
u u 
most earthquake~resistant designs. Because of the uncertainty in the 
estimation of m the answer to the second question becomes especially 
u 
important in order to avoid serious underestimation of the risk. 
Figures 4.2 and 4.3 show a series of studies involving the type 
and type 3 sources. In determining the curves of Figs. 4.2 and 4.3 the 
risks for different intensities y were calculated for varying values 
of m , including m = 00. The ratio of the calculated risk with finite 
u u 
m to the risk with infinite m is plotted against the values of m . 
u u u 
The calculations were performed for long (L = 300 km) and short (L = 100 km) 
faults that are well-defined (type 1 source). Similar calculations were 
also performed for close and far areal sources (type 3). All these results 
were obtained for low and high values of S. Values for the other parameters 
are indicated in Figs. 4.2 and 4.3. The sl ip length equation corresponding 
to the best~fit 1 ine for the worldwide data (Eq. 2.4) was adopted. The 
I, 
fol lowing observations may be made from the results summarized in Figs. 
4.2 and 4.3. 
In general~ the influence of m and the cont~ibution of very large 
u 
magnitudes to the total risk are more pronounced at higher inte~sities 
of ground motions. For example, for the cases shown in Fig. 4.2 (involving 
~;.,-.~ 
[" , 
~ 
I:·:· 
L 
r.··:.-.··.";:··. L 
;- .. 
j. 
L 
39 
In real ity, the occurrence of such events has been less frequent than 
predicted by this law. Therefore, it should be understood that in the 
above analysis, the significance of magnitudes between 8.5 to 9 may be 
slightly exaggerated. 
For m <8.5 the curves (Figs. 4.2 and 4.3) generally exhibit very 
u 
steep slopes especially at higher intensities. This means that a small 
change in m will cause a significant change in the risk. Therefore, for 
u 
most design intensities, values of m smaller than about 8.5 should be 
u 
used with caution and unless there is assurance that larger earthquakes 
will not occur, their contribution to the risk should not be neglected. 
The significance of m for long and short faults, or close and far 
u 
areal sources can be seen in graphs a and b, and c and d, of Figs. 4.2 
and 4.3. Although the sensitivity of the risk to m appears to increase 
u 
with the fault length, the change is not significant. On the other hand, 
the risk from far areal sources is much more sensitive to m than that 
u 
from close areal sources. Hence, if the earthquake hazard is mainly 
from far areal sources (type 3) the upper bound magnitude should be selected 
more carefully. 
It would seem that S may also affect the sensitivity of the risk to 
m. A small S means more frequent major earthquakes, and thus more 
u 
contribution to the risk by large magnitudes. However, comparing the 
results of graphs a and c, and band d, of Figs. 4.2 and 4.3, it can be 
seen that S has 1 ittle influ~nce on the sensitivity of the risk to m . 
u 
4.4 The Significance of Distant Sources 
on Seismic Risk 
In evaluating the seismic risk for a given site, the maximum distance 
of potential sources that should be included in the evaluation is naturally 
,: ': ~ 41 
However, comparing Figs. 4.4 and 4.5 (for 8=2.4 and 8=1.7 respectively) 
we see that the influence of B on the significance of distant sources 
is only notable at low intensities (for example, at O.lOg acceleration 
the portion of the infinitely long fault which contributes 90 percent of 
the total risk is the first 80 to 90 km for 8=2.4 and 110 to 150 km for 
8=1.7; the corresponding portions at 0.30g acceleration are the same for 
both values of 8 ). 
A similar analysis can be performed for the type 3 sources. The 
seismic risks at the site are evaluated for several circular areal sources 
with their centers 20 km directly below the site and with different radii. 
The occurrence rate per unit area is assumed to be constant. The ratio 
of the risk for radius d to the risk for infinitely large area (i .e. 
d=ro) is plotted against values of d, for 8=2.4 and B=1.7 as shown in 
Figs. 4.6 and 4.7 respectively. 
Define the " e ffective radius ll as the radius beyond which consideration 
of additional areal sources has marginal effect on the risk, say less than 
10 percent. We may see, in Fig. 4.6, that for B=2.4 the effective radius 
is 100 km at O.lOg acceleration and 120 to 150 km at-0.30g acceleration. 
However, for 8=1.7, shown in Fig. 4.7, the effective radius is much larger; 
if m =8.5, the effective radius is 120 km and 140 km at O.lOg and 0.30g 
u 
accelerations, respectively; but if m =9, the effective radius is 200 km 
u 
and 260 km at 0.10g and 0.30g accelerations, respectively. 
In summary, it appears that depending on m ,B and the maximum intensity 
u 
of interest, all potential type 1 sources up to 100 to 300 km of their 
length on each side of the site, and all areal sources within an effective 
radius of 100 to 250 km should be considered in the seismic risk analysis 
for a site. 
:';~'. ~ 
.;: .. ; 
;, :; 
F.j-•.. ' ..~':·'.·, WJ 
61-.·'.'·.··'··· . , '.::;,. -~ 
I,:. -;' L 
'l ' 
I 
43 
the main contribution to the risk is from the small and frequent earth-
quaes -- in these cases, the sl ip length is insignficant; whereas at 
very high intensity levels the major. contribution is from large earthquakes 
for which the estimated sl ips are so long that they will propagate close 
to the site no matter which sl ip length equation is used. 
The existing fault length seems to be an important factor also. The 
longer the fault, the more sensitive the risk is to the sl ip length 
equation. This can be explained by recall ing that for moderate-to-large mag-
nitude earthquakes~ the contribution to the risk is greater in a long fault 
than in a short fault. For example, in Fig. 4.8, with 6=2.4, the use of the 
upper-bound equation versus the best-fit equation results in an increase 
of the risk by as much as 38 percent for the short fault (L=50km) and 
72 percent for the long fault (L=300km). Also, the use of the lower-
bound equation versus the best-fit equation results in a maximum reduction 
of the risk by 18 percent for the short fault and 48 percent for the long 
fault. 
Figures 4.10 and 4.11 present similar risk ratios for the type 3 
sources. The sensitivity of the risk to the slip length equation seems 
to be more pronounced for this type of sources than for the type sources; 
yet the same behavior is observed. For the cases analyzed~ the risk 
ratios range between 0.4 to 2.4 for 6=2.4 (see Fig. 4.10), and between 
O. 5 to 1.8 fo r 6= 1 . 7 (s ee Fig. 4. 11 ) . 
'. 
From Figs. 4.8 through 4.11 and the above discussions, it appears 
that for an average site, where a combination of close and far sources 
are involved, the use of the upper or lower bound equation, versus the 
best-fit equation, would result in at most doubling or halving of the 
estimated risk. This indicates the need for including the effects of the 
I'" . 
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of large-magnitude earthquakes on seismic risk is partially due to the 
long rupture zones, associated with these earthquakes, which may propagate 
close to a site, and thus produce hi~h-intensity motions. The point-
source model neglects this aspect of large-magnitude earthquakes, and 
thus may drastically underestimate their contribution to the actual 
risk. 
For several practical cases, the ratios of the risks estimated with 
the point-source model to those obtained with the 1 ine-source model are 
plotted in Figs. 4.8 through 4.11. The best-fit equation, Eq. 2.4, is 
assumed for the sl ip lengths of the 1 ine-source model. It appears that 
the point-source model consistently underestimates the risk. At low-
intensity motions, this underestimation is negl igible; however, this 
underestimation increases rapidly with intensity and can be severe at 
high intensities. For example, in Fig. 4.8 for a short fault, the ratio 
of the risks is ~60 at 0.20g acceleration, and ~~O at 0.35g acceleration. 
The ratios are even smaller for a long fault (Fig. 4.9); e.g. only ~60 
at 0.20g acceleration and zero for intensities above 0.35g acceleration. 
Figures 4.10 and 4.11 show that the "error'l associated with the point-
source model is more serious for areal sources; for example, in Fig. 4.10, 
the 1 ine source model indicates that the acceleration can be as high as 
0.60g for both close and far sources, whereas the point-source model 
predicts no possibi1 ity for any acceleration in excess of 0.33g for the 
\ 
close source, and 0.15g for the far source. 
A comparison of the estimated seismic risks based on the 1 ine-source 
and point-source models, for a site in San Franc~sco, is presented in 
Chapter 6. 
.::~ 
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On the other hand, the parameters S, v and m , and the source type 
u 
--
parameters are obtained from statistical, geological, and seismological 
data of the region. Therefore, the _degree of the uncertainties in these 
parameters will depend on the quality of the data available for the region. 
Also, the effects of these uncertainties on the estimated risk may depend 
on the level of intensity considered, and on the assumed characteristics 
of the sources in the region (e.g., the positions of the potential sources 
relative to the site and the distribution of magnitudes for each source). 
For the above reasons, the uncertainties in these latter parameters 
should be analyzed separately for each site and at each level of intensity. 
5.2 Analysis of Uncertainty -- Attenuation 
Equation and 51 ip-Length Relation 
The intensity at a site for an earthquake of magnitude m is computed 
from 
y 
b m -b 
ble 2 [f(r)] 3 (5.1) 
where r is the shortest distance of the site from the sl ipped area. 
For given m and r, the uncertainties in the computed intensity, y, 
arise from: 
i. irregularities in the wave travel path and soil conditions, 
ii. uncertainty in the assumed form of the equation, and 
iii. uncertainties in the, parameters bl , b2 and b3 · 
As a result of the above uncertainties the actual intensity at the site, 
for the given m and r, is a random variable. Denoting Ya as the 
actual intensity, we may write 
y 
a 
(5.2) 
.::; 
.~ 
49 
Clearly, the uncertainty in s introduces uncertainty in f(r) and thus 
in the computed intensity. 
Using first-order approximation [6], the coefficient of variation 
of fer), for s2 ~x, is 
c.o.v. of f(r) = x > S 
- 2 (S.Sa) 
where as is the standard deviation of s. For x<s2' the c.o.v. of f(r) 
is smaller than that given by Eq. S.Sa. As an approximation, the following 
is assumed: 
c.o.v. of f(r) x-s (5.Sb) 
o x<s (S.Sc) 
From Eqs. S.Sa through S.Sc, it appears that the variation in 
f(r), due to variations in s, is related to the location and magnitude of 
an earthquake. This requires consideration of the joint probabil ity 
functions of m, r, and s in the risk model. This type of compl icated 
analysis, however, is not warranted since, as will be shown below, the 
effect of the uncertainty in the sl ip-length equation on the risk is far 
less significant than that of the uncertainty in the attenuation equation. 
In order to make a quanti¢ative estimate of the c.o.v. of f(r), 
first its highest value is obtained. This occurs when r is small and a 
o s 
is 1 a rge. Therefore, a close fault with r = 20 km was considered, and 
o 
the largest a for th~ world-wfde data, Fig. 2.1,' was estimated. For 
s 
the latter, it is assumed that the best-fit equation (Eq. 2.4) gives mean 
values of the sl ip length, and that the envelope equations (Eqs. 2.2 and 
;:;:, 
... 
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Using first-order approximation [61, the mean and standard deviation of 
Z are 
11::: 0 (5.10) 
(5.11) 
where, 01 and b3 for the respective attenuation equations are given in 
Table 2.1, and 02 = .20 for the world-wide data of slip lengths. Values 
of a corresponding to each attenuation equation and for 02 = .20 are 
also tabulated in Table 2.1. 
It should be noted that while values of °1 2 vary from 0.26 to 
2 2 0.707, the values of b3 02 range only from 0.031 to 0.092. It may also 
be observed that the contribution of b302 to a is less than 12% of the 
corresponding contribution from °1" These numbers indicate that the 
uncertainty in the computed intensity is largely a consequence of the un-
certainty in the attenuation equation, and that the uncertainty in the 
sl ip-length equation has minor additional effect. 
5.2.1 Effect of Uncertainty on Calculated Risk 
For a random Y, Eq. 5.9 may be written as 
~rTY 
a 
~n Y + Z 
From the above equation and using the total probabil ity theorem, the 
risk of Y exceeding y is obtained as 
a 
p(Y>y) = P(~nY >~n y) 
a a 
=}OO P(tnYa>tn y I Z=z) fZ(z)dz 
-co 
(5. 12) 
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Sand v. For those regions where large amounts of data are available, 
variations in the recurrence line are reasonably small, and thus would 
have 1 ittle effect on the seismic risk. However, when significant 
rleviation from a straight line is observed in the data, or when data in 
the region of interest are inadequate such that recurrence 1 ine~ of 
other regions with similar conditions have to be used instead, the 
uncertainties in S and v could be important. 
The sensitivity of the seismic risk to the upper bound magnitude 
m was examined in Sect. 4.3. It was shown that the risk is sensitive 
u 
to the values of m <B.S. Therefore, the uncertainty in the specification 
u 
of m for certain sources may introduce signficant variation in the 
u 
estimated seismic risk at a site. In such cases, it would be necessary 
to examine the variations of the estimated risk arising from alternative 
values of m . 
u 
The uncertainties in the model ing of the earthquake sources could 
introduce additional uncertainty in the estimated risk. Decisions such 
as the type, the average occurrence rate, and the geometric parameters 
of each potential source may not be obvious; alternative assumptions 
for this purpose may have to be considered. 
In evaluating the seismic risk for a given site, the parameters 
S, v, m , and the idealization of the region into one or more types of 
u 
sources, should be chosen carefully using all available data that may 
be pertinent to the site, and supplemented with judgments as necessary. 
Alternatively, the fol lowing procedure may be used: 
i. alternative recurrence lines, upper bound. magnitudes, and 
source models may be assumed; 
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CHAPTER "6 
SPECIFIC CASE STUDIES 
6.1 Introductory Remarks 
In order to demonstrate the app1 icabi1 ity of the 1 ine-source model, 
seismic risk analyses for two specific sites were performed. The first 
one, presented in detail, is for a site in downtown San Francisco. This 
site is in a region where reliable records of past earthquakes over a 
relatively long period of time are available; also most of the active 
faults are well defined and have been extensively studied.' The second 
analysis is for San Juan, Puerto Rico. For this latter region, earthquake 
records over a shorter period are available and the fault system, which 
is mostly under the ocean, is not very well defined. 
Whenever possible, the results from the present study are compared 
with historical records, or with seismic risks evaluated using point-
source models. 
6.2 Seismic Risk Analysis for San Francisco, Cal ifornia 
Records of earthquakes for 163 years with epicenters within 100 
kilometers of San Francisco and with magnitudes of 4 or greater are 
I, 
available, as described in Ref. 13, and reproduced in Appendix A. The 
map in Fig. 6.1 is a summary of these records showing epicentral locations 
and magnitudes. The major active faults in this region - namely, the 
San Andreas, Calaveras, and Hayward faults - are also shown in Fig. 6.1. 
d 
-, 
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with constant distance to the site and an activity rate obtained accord-
ing to Eq. 3.24. 
Because the parameter S for this region is small (as wi 11 be seen 
later), in accordance with Sect. 4.4, it is necessary to include any 
potential sources beyond the 100-km for which data are available. For 
this reason, the extension of Calaveras and San Andreas faults (assuming 
the same uniform activity rate per unit length) and also an additional 
areal source between 100 km and 200 km from San Francisco are included 
in the ~isk analysis. The latter source was assumed to be of type 3 
and to have a uniform activity rate per unit area equal to that of all 
the a rea 1 sou rces, i. e. 32 + 66 -5 = 1.93 x 10 earthquakes 2 2 
2 per year per km 
(100) x 'IT x 163 
Figure 6.2 is a pictorial portrayal of the idealized sources. Each 
source is identified by a number. The preferred directions of the type 
2 sources are shown with arrows. Annular areas denote the type 3 sources. 
In Table 6;1, the geometric and seismic parameters of each source are 
given. The depth for all the sources is assumed to be 20 kilometers. 
6.2.2 Upper Bound Magnitudes 
The largest magnitude ever recorded for this region has been esti-
mated to be 8.3 for the 1906 earthquake on the San Andreas fault. It is 
bel ieved that this may be a reasonable upper bound on magnitudes for 
this fault; however, the possi,pility of an earthql!ake larger than 
magnitude 8.3 exists if the fault remains locked for a long time [23]. 
With these in mind, an upper-bound magnitude of m 
u 
this fault. 
8.5 is assumed for 
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Several assumptions in the development of the recurrence line, the 
choice of the parameter m and the source type models are possible for 
o 
this site; in order to investigate the significance of these plausible 
assumptions, the seismic risk of the site is evaluated with five different 
sets of assumptions. Each set of the assumptions and the corresponding 
resul ts, which are referred to by the numbers 1 through 5, are described 
below. In all cases, Donovan's first equation (Eq. 1 of Table 2.1) 
is used for the attenuation of ground acceleration. 
The calculated risks presented in this section do not include the 
uncertainties in the attenuation and sl ip length equations. Such effects 
are discussed subsequently in Sect. 6.2.6. 
1. Aline drawn through the point for m = 4, in Fig. 6.3, and above 
most of the data points yields the recurrence line 1'111 of Fig. 6.3. The 
slope of this 1 ine is 0.53 yielding 6=1.22. Results of the seismic risks 
obtained using 6=1.22, m = 4~ and v =1.57 per year (for the whole region) 
o 
are shown in Fig. 6.4. A breakdown of the total risk into the risk from 
the San Andreas fault alone, from the Hayward and Calaveras faults, from 
the type 2 sources, and from the type 3 sources is also shown in Fig. 6.4. 
It can be seen that at low intensities, the San Andreas fault contributes 
less than half of the total risk, but at intensities larger than 0.30g, 
the risk in San Francisco to high-intensity acceleration is virtually 
entirely due to the San Andrea~ fault. The total seismic risk estimated 
with the present set of assumptions are also shown by curve no. 1 of 
Fig. 6.5. 
2. To investigate the sensitivity of the results to the choice of 
mo' another analysis was performed with the same recurrence line (6 = 1.22) 
assuming m = 4.5. The activity rate for each source was modified by a 
o 
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as 1-1 and 1-2, are given in the bottom of Table 6.1. Curve no. 5, of 
Fig. 6.5 represents the risk obtained from this analysis using B = 1.22, 
m 4 and v = 1.57 earthquakes per ye~r. For all practical purposes 
o 
1 ittle change from those of curves no. 1,2,3, and 4 is observed. 
Noting that the differences in the calculated risks obtained with 
the five alternative assumptions are small (as may be observed from 
Fig. 6.5), it is concluded that the incompleteness of the data for small 
magnitudes or the possible variations in the recurrence 1 ine (and therefore 
the uncertainties in B and v), as well as the alternative ideal izations 
of the sources, have 1 itt1e influence on the estimated seismic risk at 
this site. Had there been significant variations in the results, sub-
jective weights, between 0 and 1, may be assigned to the different sets 
of the assumptions and the seismic risk for the site obtained through 
Eq. 5.15, as described "in Sect. 5.3. 
6.2.5 Comparison of Results with Existing 
Point-Source Results 
An analysis of the seismic risk for San Francisco, based on a point-
source model [8] has been reported in Ref. 14. This anaiysis used the 
same set of data (with B = 1.22) and the same attenuation equation (Eq. 
of Table 2.1) as those used in the present study. The results reported 
in Ref. 14 are reproduced in Fig. 6.5, shown as curve no. 6. 
The differences between the point-source and 1 ine source models 
have been discussed previously. The results obtained with the two models, 
as presented in Fig. 6.5, show that there is marked difference in the 
calculated seismic risks when the two models are appl ied to a real istic 
case. As expected, at low levels of intensity, the two models predict 
approximately equal risks; however, at high intensity levels the point-
63 
As indicated in Fig. 6.6, the uncertainties in the attenuation equations 
have significant effects on the estimated seismic risk of a site. This 
would suggest the need for the development of more accurate attenuation 
relationships. 
6.2.7 Comparison of Results with Historical Data 
In Appendix B, the historical data of maximum Modified Mercal1 i 
intensities for the Bay Area earthquakes recorded between 1800 and 1967 
(as reported in Ref. 13) are presented. Some of these earthquakes 
occurred in the region around San Francisco. For the purpose of including 
these earthquakes in the analysis, it is assumed that the maximum intensity 
in San Francisco is one.MM scale less than that observed in each earthquake. 
These earthquakes are marked by asterisks in Appendix B. 
Using the relationship [44] 
a = 10(1/3-0.5) (6.1) 
in which a is the maximum ground acceleration in cm/sec2 , and I is the 
MM intensity scale, the historical data are transformed Into the corres-
ponding ground accelerations. The return periods for given acceleration 
levels are then obtained as shown in Fig. 6.7. Using Donovan's second 
attenuation equation (Eq. 2 in Table 2.1) which is assumed to be the most 
appropriate (it is based on 678 records, Ref. 15), the estimated risks 
(corrected for attenuation unce~tainty) are also shown in Fig. 6.7. 
The fo1 lowing gives a comparison of the estimated and observed maximum 
ground accelerations for various return periods in San Francisco. 
; 
J 
instrumentally located earthquake hypocenters within 200 miles (330 
kilometers) of Puerto Rico with the exception of very small earthquakes 
and covers the period between 1915 and 1971. 
Figure 6.9 is a map showing the epicenters of earthquakes with 
magnitudes 4.5 and greater. 
6.3.1 Ideal ization of Sources 
The regional geology and tectonics for Puerto Rico Island and its 
vicinity are described in Refs. 16 and 36. Three main oceanic sources 
have been identified near the island - the Puerto Rico Trench, the Anegada 
Trough, and the Mona Passage; however, the tectonic features and the 
major fault zones are not well known in this area. No major active fault 
is bel ieved to exist within the island itself. 
Since none of the major faults is well-defined and there appears 
to be no dominant orientation of the known faults, the entire region may 
be modeled with type 3 sources. Accordingly, the whole region is divided 
into annular areal sources as shown and identified in Fig. 6.9. Concen-
tration of activity along an oceanic band is clearly visible; for this 
'0: reason, the assumption of uniform activity rate over the area may be 
inappropriate; instead, the occurrence rate for each annular source was 
determined on the basis of the observed number of recorded events within 
each source. 
" The focal depths in this region are generally larger than those in the 
Cal ifornia region. After examining the various recorded depths, an 
average depth of 40.km is selected. The relativ~ly large focal depth in 
the region justifies the partition of the region into wide annular sources 
(See Sect. 3.3.3) . 
. £ . 
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Since no study of the sl ip-length equation is available for this 
region, the best-fit-equation for theworld-widedata (Eq. 2.4) is adopted. 
The ac t i v i ty rate for each source- is the annua 1 average number of 
earthquakes with magnitudes larger than m = 4.5. Following the pol icy 
o 
of using only the post-1949 records for information on small earthquakes, 
the activity rate for each source is obtained from the 23-year record. 
This is done in the manner described in Sec. 6.3.1. 
Table 6.2 summarizes the geometric and seismic par~meters of the 
various sources around the site. 
6.3.4 Description of Results 
Seismic risks associated with ground accelerations were obtained 
using both Eqs. 2 and 3 of Table 2.1, as shown in Fig. 6.12. The results 
as calculated with the 1 ine-source model (uncorrected for attenuation 
and sl ip-length uncertainties) and the results corrected for these 
uncertainties are presented. It appears again, that when the uncertainties 
in the attenuation and sl ip-length equations are included, the estimated 
risks based on different attenuation equations are almost identical. 
Again, using Donovan1s second attenuation equation for acceleration 
(Eq. 2 of Table 2.1), we obtain the following estimated maxi~um ground 
accelerations at specified return periods. 
Return Period, years Estimated Maximum Ground 
Acceleration, g 
'. 
0.06 10 
20 0.09 
50 o. 15 
90 0.18 . 
100 0.19 
-4:': 
~ . 
! .... 
69 
CHAPTER 7 
RISK-CONSISTENT RESPONSE SPECTRA 
7.1 Introductory Remarks 
It is well accepted that an earthquake response spectrum, representing 
the maximum response of a simple oscillator to the specified base motion, 
is related to the maximum ground motions [42]. Based on this relationship, 
it is a common practice in earthquake-resistant design [42] to derive and 
specify constant response acceleration, velocity, and displacement for 
certain ranges of system frequency by ampl ifying the respective maximum 
ground motion components, using ampl ification factors that depend on the 
damping ratio. 
A response spectrum derived on the basis of the above procedure has 
a trapezoidal shape (on a tripartite logarithmic plot) as iilustrated in 
Fig. 7.1. It appears that such a spectrum can be completely described 
by the spectral velocity VI and transition frequencies fl and f2' as shown 
in Fig. 7.1. Whereas VI depends on the level of ground motions considered, 
fl and f2 depend on certain ratios of the ground motion components. If a, 
v and d are the maximum ground acceleration, velocity, and displacement, 
respectively, it can readily b~ shown that f2 decreases with increasing 
f 2 ad 
'.!.- whereas 
a 
-- increases with increasing -- For this reason, the 
f 1 v2 · 
response spectrum based on the above-described procedure is related to 
v ad ad ( f2 ) the ratios a and :2; for example, a large :2 or large would 
v v ~ 
mean a wide range of frequencies with constant spectral velocities - i.e. 
-:0. 
j 
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where m = earthquake magnitude, and r = distance of the site from the 
earthquake source. 
In the above equations it may be seen that both v 
a 
ad 
and - 2 
v 
increase with increasing distance of the earthquake source from a site. 
Moreover, it appears that the ratios are also related to the earthquake 
v ad 
magnitude - i.e. a increases with m, whereas :2 decreases with 
v 
increasing m. Besides the earthquake location and size, other factors 
such as the transmission characteristics of the soil and rock strata 
ad between the site and the source could also affect the ratios ~ and 
a 2' 
v 
v ad Despite these variations of a and 2 with the factors cited 
v 
above, current design spectra are developed with constant average 
values of the above ratios. For example, for horizontal ground motions 
[ V ad 6 on alluvium, Newmark 42] has proposed a = 122 cm/sec/g and ~ = ; 
v 
these ratios were obtained from the average values of many earthquake 
v ad 
records [42]. Because constant values of a and:2 were assumed, the 
v 
transition frequencies (i .e., f1 and f2 in Fig. 7.1) of conventional 
-design spectra remain unchanged, irrespective of the location of the site 
relative to the potential sources and of the design intensity level. 
7.2 Construction of Risk-Consistent Spectrum 
The aim of structural design is to insure a desired level of safety 
" 
to a specified level of earthquake intensity; this may be accompl ished 
through the specification of earthquake response spectra corresponding 
to specified levels of risk or return periods. S~ch a response spectrum 
would correspond to a constant exceedance probability over the signrficant 
frequency range. These spectra are denoted herein as risk-consistent 
spect ra. 
-; 
'" 
'l 
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Another factor influencing the risk-consistent spectrum for a given 
site is the specified level of risk or return-period. It was shown in 
Chapter 4 that low intensity motions of short return-periods are ~ainly 
the result of small-magnitude earthquakes close to a site; whereas high-
intensity motions associated with long return-periods are mainly caused 
by large-magnitude events. Therefore, ~ will increase for higher 
a 
intensities (corresponding to long return-periods); and thus f2 will 
shift toward lower frequencies for spectra with longer return-periods. 
ad 
2" w ill be sma 1 1 ( mea n i n g Also, for a long return-period, the value of 
v 
a sma 1 1 val u e 0 f f, ) 2 ,and thus a narrow spectrum will be obtained. 
~ 
Since the seismic risk analysis considers all potential future 
earthquakes with random location and magnitude, a risk-consistent spectrum 
developed on the basis of the method just described would reflect the 
combined effects of the source and magnitude distributions, and of the 
risk level, on the response spectra for the site. 
7.2.1 Risk-Consistent Spectra for San Francisco 
and San Juan 
For various return~periods the estimated maximum ground acceleration, 
velocity, and displacement in San Francisco and San Juan, calculated 
(see Chapter 4) using the attenuation equations of McGuire (Eqs. 3,4, 
and 5 of Table 2.1) are 1 isted in Table 7.1. The ratios ~ and 
a 
ad 
2" 
v 
corresponding to various return-periods are presented in this table. For 
d the purpose of comparing the results for the two sites, the ratio 
a 
(wh i ch can be obta i ned from the other two rat i os) , is a 1 so given in 
Table 7.1. Values of these ratios that are used in the development of 
design spectra on alluvium [42] are also given in Table 7.1. The 
75 
are based on earthquakes that were recorded mostly at moderate distances 
( i . e . 30 to 40 km). 
Using the results 1 isted in Table' 7.1, and ori the basis of the method 
described in Sect. 7.2, risk-consistent spectra corresponding to return-
periods of 10, 50, 100, and 200 years for San Francisco and San Juan 
(at 5% damping) are developed, as shown in Figs. 7.2 and 7.3, respectively. 
For purposes of comparison, conventional design spectra (see Sect. 7.1) 
are also shown in these figures; these latter spectra for the indicated 
return-periods were developed using the maximum ground accelerations 
obtained from the respective risk analysis (see Chap. 6) and then using 
v ad a = 122 cm/sec/g and -z = 6. As may be seen in Figs. 7.2 and 7.3, the 
v 
conventional design spectra are risk-consistent only for sites that are at 
moderate distances from potential earthquake sources (e.g. average of the 
two sites under consideration) and for return-periods of about 10 years. 
~. 
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ideal ization of the potential sources into one or more types of 1 ine 
sources. The proposed 1 ine-source model then evaluates the annual prob-
abil ity of exceedance at various intensities for a given site. 
Based on this model, the sensitivities of the seismic risk to the 
relevant parameters are examined. Results from the 1 ine-source model 
are compared with those of point-source models, and the significance of 
assuming earthquakes originating in 1 ine sources rather than point sources 
i s exa min ed . 
The uncertainties in seismic risk evaluation are analyzed, and methods 
are proposed for including these uncertainties in the final risk 
evaluation. 
Specific appl ication of the 1 ine-source model is demonstrated for 
the seismic risk analysis of San Francisco, Cal ifornia, and San Juan, 
j Puerto Rico. The calculated results for these sites were compared with 
the corresponding risks estimated from historical records. 
Finally the concept of risk-consistent response spectra is intro-
duced and a procedure for their development is suggested; such spectra 
for San Francisco and San Juan are developed. 
8.2 Principal Results and Conclusions 
On the basis of this study, the fol lowing conclusions can be made: 
1. The line-source model, developed herein, is a practically 
feasible method of seismic risk analysis for engineering purposes, even 
confirmed (to some extent) by available historical data for these sites. 
: 1 
5. Risk~consistent spectra corresponding tb specified return-periods 
or risk levels, can be developed by ampl ifying the maximum ground accelera-
tion, velocity, and displacement obtained from an appropriate risk analysis. 
Variations in the characteristics of earthquake sources and regional 
conditions, as well as in the level of risk, would be included in such 
spectra. 
6. Conventional design spectra have a constant range of requencies 
for all sites and for all design intensity levels; that is, they neglect 
the effects of the variations in the source characteristics and in the 
level of risk. These spectra, therefore, are not always risk~consistent. 
j 
~~ 
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Table 3.1 Position of Circles for Type 3 Sources 
Pos i t ion 
2 
3 
4 
5 
p;'~ 
0.0 
0.0 
1.. 
7T 
a 
7T 
1.0 
P[y>yIE.(m)] 
I 
Governing I nequa l.i ty 
r < h y 
Vr 2 2 -h +s < d y 
" 
_ / 2 2 
d <V r -h 
. y 
Sketch of Position 
Source 
No. 
1 
2 
3 
4 
5 
6 
-, 
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Table 6.2 Earthquake Source Parameters for 
San Juan, Puerto Rico 
Geometric Parameters, km Seismic 
Type Distance from Depth, h m 
Site, d u 
3 70 40 8.5 
3 120 40 8.5 
3 175 40 8.5 
3 240 40 8.5 
3 305 40 8.5 
3 370 40 8.5 
" 
Parameters 
\I. 
I 
No. of Occ. 
per Yea r 
.261 
.914 
1.957 
1.435 
.74 
.522 
J. : 
~ 
-, 
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FIG. 6~5 COMPARJSON OF ESTIMATED RISKS FOR ACCELERATION IN 
SAN FRANCISCO FOR VARIOUS ASSUMPTIONS (UNCORRECTED 
FOR ATTENUATION UNCERTAINTY) 
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FIG. 6.11 EARTHQUAKE MAGNITUDE RECURRENCE LINE FOR 
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FIG. 6.13 ESTIMATED RISKS FOR MAXIMUM GROUND ACCELERATION, 
VELOCITY, AND DISPLACEMENT FOR SAN JUAN, PUERTO 
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FIG. 7.2 RISK-CONSISTENT AND CONVENTIONAL DESIGN SPECTRA 
WITH 10, 50, 100 AND 200 YEARS RETURN-PERIODS 
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APPENDIX A 
EARTHQUAKES WITHIN 100 KILOMETERS OF SAN FRANCISCO FROM 
1807 TO 1969 WITH MAGNITUDE> 4 
No. Date Lat i tude Longitude Magnitude 
... 1 1808 Jun 6 37.7 122.5 6.1 
2 1812 Unknown 37.7 122.5 5.5 
3 1813 Unknown 37.3 122.0 6.7 . 
" 4 1818 Unknown 37.3 122.0 6.1 
-' 5 1829 Sep 37.7 122.5 5.5 
6 1836 Unknown 37.7 122.2 6.1 
7 1838 Jun 37.5 122.2 6.1 
..,; 8 1838 Jul 37.5 122.2 6.1 
9 1839 Unknown 37.5 122.2 7.3 
10 1850 Sep 14 37.5 122.2 4.2 
.;;... 11 1851 May 15 37.7 122.5 5.5 
12 1851 Jun 13 37.7 122.5 4.2 
13 1851 Nov 13 37.7 122.5 4.2 
14 1852 Nov 23 37.7 122.5 6.1 
- 15 1853 Ma r 1 37.7 122.5 4.2 
:~,:J 16 1854 Oct 22 37.7 122.5 4.8 
:.' , 17 1855 Oct 26 37.7 122.5 4.2 
18 1855 Aug 27 38.2 122.7 4.8 
19 1855 Oct 22 37.7 122.5 4.2 
20 1856 Dec 1 1 37.7 122.5 4.8 
'-" 
21 1856 Jan 2 37.7 122.5 5.5 
22 1856 Jan 21 37.7 122.5 4.2 
'\~~ 23 1856 Feb 15 37.7 122.5 6.1 
:.; 24 1857 Oct 15 37.7 122.5 4.2 
- 25 1857 Feb 6 37.7 122.5 4.2 
26 1857 J u 1 5 37.7 122.5 4.8 
... :-: 27 1857 Sep 3 37.7 122.5 4.2 
'-"- 28 1857 Oct 20 37.7 122.5 4.8 
29 1858 Aug 19 38.2 122.7 4.8 
...... .." 30 1858 Sep 1 3 37.7 122.5 4.2 : 
;','" 31 1858 Nov 26 37.3 121.9 6.7v 
32 1859 Apr 4 37.3 121.9 4.8 
33 1859 Aug 1 1 37.3 121 .9 4.2 
34 1859 Aug 11 \ 37.7 122.5 4.2 
~, 35 1859 Sep 22 37.7 122.5 4.8 
36 1859 Sep 26 37.7 122.5 4.2 
., , 37 1859 Oct 5 37.7 122.5 5.5 
"'-::. 
d 38 1859 Dec 2 37.7 122.5 4.2 
39 1859 Dec 1 1 37.3 121 .9 4.2 
40 1860 Apr 1 7 37.7 122.5 4.8 
41 1860 Sep 24 38.0 122.2 4.8 
42 186.1 Mar 23 37.7 12'2.5 4.2 
43 1861 Sep 4 37·7 121.7 6.7 
44 1862 Sep 30 37.7 122.5 4.8 
-~ 45 1862 Dec 24 37.7 122.5 4.2 
~ 
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APPENDIX A (Continued) 
, .. ' 
t· ! 
No. Date Latitude Longitude Magnitude 
-" 
"" 94 1876 Jan 3 38.5 122.8 4.8 
'- 95 1878 Aug 2 38.5 122.9 4.8 
96 1878 Oct 10 37.3 121 .9 4.2 
97 1879 Oct 2 37.7 122.2 4.2 
=7~: 98 1880 Apr 14 37.7 122.5 4.2 ~ 
99 1880 Nov 5 37.7 122.5 4.2 
,7'1 100 1881 Sep 19 37.7 122.5 4.2 
101 1881 Nov 14 37.7 122.5 4.2 
...J 102 1881 Nov 15 37.3 121 .9 4.2 
103 1882 Jan 27 37.6 122.0 4.2 
104 1882 Ap r 13 37.7 122.5 4.2 
105 1882 Jun 27 37.7 122.5 4.2 
106 1882 Ju1 16 37.7 122.5 4.2 
':"') 107 1882 Oct 20 37.7 122.5 4.2 ::1 
"OJ 
108 1882 Nov 1 37.7 122.5 4.2 
"""" 109 1883 Ma r 21 37.6 122.0 4.2 
~''':': 11 0 1883 Oct 10 37.7 122.5 4.2 
11 1 1884 Mar 26 37.7 122.5 4.8 ~j 112 1884 Mar 26 37.7 122.5 4.8 
113 1885 Jan 26 37.7 122.5 4.2 
-. 114 1885 Ju1 23 37·3 121 .9 4.8 . ~;: : ~:l 
.;i2 115 1887 Ju1 7 37.3 121 . 7 4.2 
116 1887 Oct 12 37.3 121 . 7 4.2 
117 1887 Dec 4 37.7 122.1 4.8 
118 1887 Dec 5 38.2 122.7 4.2 
119 1887"Dec 26 38.4 122.7 4.2 
120 1888 Feb 29 38.0 123.0 5.5 
121 1888 Feb 37.4 122.2 4.8 
122 1888 Mar 28 37.7 122.5 4.2 
123 1888 Sep 17 37.3 121. 7 5.5 
124 1888 Oct 5 37.7 122.2 4.8 
~ 125 1888 Nov 4 37.3 121 . 7 4.8 
126 1888 Nov 18 37.7 122.2 5.5 
127 1888 Dec 11 37.3 121. 7 4.2 
128 1889 May 19 38.0 121 .8 6. 1 
129 1889 Ju1 26 37.3 121 . 7 4.2 
~~'3' 130 1889 Ju1 31 37·7 1.22.2 5.5 
f.:_~ ::~ 131 1890 Jan 15 37.3 121 . 7 4.2 ~~~.:~ 
132 1890 JUr:l 29 " 38.4 122.7 4.8 
133 1890 Ju1 1 37.7 122.5 4.8 
~ 134 1891 Jan 2 37.3 121 . 7 5.5 135 1891 Jun 28 37.3 121 . 7 4.2 
136 1891 Oct 12 38.2 122.3 6.7 \/ 
137 1891 Oct l' 4 38.2 122.3 4.2 
138 1892 Feb 5 37.3 121. 7 4.8 
139 1892 Apr 19 38.3 122.0 7.3 ! 
140 1892 Apr 21 38.5 122.0 6.7 
,~ 
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APPENDIX A (Continued) 
,J 
No. Date Latitude Longitude Magnitude 
~ 
186 1914 Dec 28 37.2 122.2 4.8 
187 1915 Oct 1 37.5 122.3 4.2 
" 188 1915 Oct 8 37.8 122.2 6.1. 
'" 189 1917 Oct 26 37.3 121 . 7 4.8 
~ 190 1919 Jan 20 38.2 122.3 4.2 
191 1919 Feb 25 38.3 122.5 4.8 
192 1919 Sep 4 38.0 122.3 4.8 
-.. 
193 1919 Nov 25 37.1 121 .8 4.2 
194 1920 Sep 9 37.3 121 .9 4.2 
195 1925 Feb 10 37.5 122.3 4.2 
196 1925 Sep 19 37.2 122.0 4.2 
;;.; 
197 1926 Jan 7 37.9 122.6 4.2 
198 1927 May 28 37.3 122.9 4.8 
199 1927 Sep 2 37.3 121.8 4.8 
200 1929 Aug 2 37.8 122.2 4.5 
201 1930 Feb 11 37.4 122.0 4.5 
" 202 1931 Jan 5 37.6 122.4 4.2 
203 1931 Dec 19 38.0 123.0 4.2 
204 1932 Jun 14 37.2 122. 1 4.5 
205 1933 Ma r 16 37.6 122.0 4.5 
206 1934 Feb 14 38.4 122.7 4.2 
207 1934 Feb 14 38.4 122.8 4.2 
208 1934 Feb 16 38.4 122.7 4.2 
"-: 209 1934 Feb 16 38.4 122.7 4.5 .:.:'.' 
ili 210 1934 Oct 2 37.6 122.8 4.0 
211 1934 Oct 2 37.6 122.8 4.0 
212 1934 Oct 25 37.6 122.8 4.2 
',,', 213 1936 Ma r 11 37.3 12L 7 4.2 
- 214 1936 Sep 24 37.6 122.9 4.0 
215 1936 Sep 24 37.6 121 .9 4.2 
216 1936 Nov 11 37.9 121 .9 4.0 
.; 217 1937 Mar 8 37.8 122.5 4.3 
218 1938 Dec 1 37.3 121 .8 4.5 
:..::- ' 219 1941 Sep 18 37.4 121. 7 4.0 ~~'~!'1 
.-J 220 1941 Sep 23 38.1 122 .. 6 4.2 
221 1942 Dec 29 37.7 122. 1 4.3 
222 1943 Mar 29 37.6 121.8 4.2 
•. ' :.~' 223 1943 Apr 15 37.7 121 .8 4. 1 ',.1 
224 1943 Apr 21 37.7 121 . 7 4.2 
225 1943 Apr 26 37.6 121 .8 4.1 
226 1943 May 1 37.6 121 . 7 4.2 
- 227 1943 Oct 26 37.4 121. 7 4.9 
228 1945 Aug 27 37.3 121 .8 4.5 
229 1946 Jun 2 37.7 121 .6 4.6 
230 1948 Oct 13 38.5 122.5 4.2 
231 1949 Jun 10 37.3 121 .7 4.6-
t~:· .~; 
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APPENDIX B 
I MAXIMUM INTENSITIES FOR EARTHQUAKES IN SAN FRANCISCO 
-- BAY AREA FROM 1800 TO 1967 
Magnitudes 5.0 and Greater 
No . Date Latitude Longitude Mag. Int. Location 
... 
1 1808 Jun 21 37.75 122.50 6.1 VIII Presidio 
2 1812 37.75 122.50 5.5 VII San Franc i sco 
3 1813 37.33 122.00 6.7 IX ~'~Santa C 1 a ra Va 11 ey 
4 1818 37.33 122.00 6. 1 VIII ~'~Santa C 1 a ra 
5 1829 Sep 0 37.75 122.50 5.5 VII San Franc i sco 
6 1836 37.75 122.25 6.1 VIII ~'~E San Francisco Bay 
.-! 1838 Jun 37.50 122.25 6. 1 VIII San Franc i sco .., 7 
8 1838 J u1 37.50 122.25 6.1 VIII San Franc i s co 
9 1839 37.50 122.25 7.3 X ~'~Woods i de 
· \ 10 1851 May 15 37.75 122.50 5.5 VII San Franc i sco 
1 1 1852 Nov 23 37.67 122.50 6.1 VIII San Francisco 
12 1856 Jan 2 37.75 122.50 5.5 VII San Franc i sco 
13 1856 Feb 15 37.75 122.50 6. 1 VIII San Franc i sco 
~ 14 1858 Nov 26 37.33 121.92 6.7 IX ~'~San Jose 
15 1859 Oct 5 37.75 122.50 5.5 VII San Francisco 
16 1861 Jul 4 37.67 121.75 6.7 IX ;'~L i ve rmo re 
17 1863 Dec 19 37.33 121.92 5.5 VII San Jose,Santa C1 a ra .... 
18 1864 Mar 5 37·75 122.50 5.5 VII San Franc i sco, San Jose 
19 1865 Mar 8 38.42 122.75 6.1 VIII ;'~Santa Rosa, Petaluma 
San Francisco, etc. 
'-' 1865 8 6.7 20 Oct 37.75 122.50 IX San Franc i sco, etc. 
:',~ 21 1868 Oct 21 37.67 122.08 7.3 X ;1~Haywa rd 
;.: : 22 1881 Apr 10 37.67 121 .00 6.1 VIII ~'~Modes to 
.. ; ! 23 1888 Feb 29 38.00 123.00 5.5 VII - ;'~Ma re Island, etc. 
24 1888 Sep 17 37.33 121 .67 5.5 VI I ;1~Mt Ham i 1 ton, etc. 
25 1888 Nov 18 37.75 122. 17 5.5 VII ~'~Oak 1 and, etc. 
~ 26 1889 May 19 38.00 121 .83 6.1 VIII Central Cal ifornia 
27 1889 Ju1 31 37.75 122.17 5.5 VII San Francisco Bay 
. ~\~ 28 1891 Jan 2 37.33 121 .67 5.5 VII ;'~Mt . Hami 1 ton, etc . 
;;,;) 29 1891 Oct 12 38.25 122.33 6.7 IX ;'~Napa , etc. 
30 1892 Apr 19 38.33 122.00 7.3 X ;'~So 1 a no County, etc . 
31 1892 Apr 21 . 38.50 122.00 6.7 IX ~'~ Win t e r s , etc. 
· . 32 1893 Aug 9 38.42 \ 122.75 6.1 VIII ~'~Sonoma County, etc. .. ;'~ 
33 1897 Jun 20 37.00 ' 121 .50 6.1 VIII ;'~Ho 1 1 i s t e r 
34 1898 Mar 31 38.08 122.25 6. 1 VIII ;'~Ma re Island, etc. 
-.' 35 1899 Jun 2 37.75 122.50 5.5 VII San Francisco, Oakland, _o.J ~'. , 
..i.W Berkeley 
36 1899 J u 1 6 37.67 121.92 5.5 VII ;'~ P 1 e a san ton 
~'='" -, 37 1899 Oct 12 38.42 122.75 6.1 VIII ;'~San ta Rosa, etc. 
38 1902 May 19 38.33 121.92 6.1 VII ;'~E1mi ra, etc. 
39 1903 Jun 1 1 37.67 121.75 6. 1 VIII ;'~S an J 0 s e , etc. 
40 1903 Aug 3 37.33 121.92 6. 1 VIII ;'~San Jose, etc. ~'.~~ 
· .::~ 
~ 
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APPENDIX C (Continued) 
No. Date Latitude Longitude Magnitude Depth,km 
93 1966 Nov 22 19.2 67.9 4.6 22 
94 1966 Dec 7 18.3 68.5 5.0 139 
95 1966 Dec 24 18.69 64.51 5.3 59 
'1, 96 1967 Jan 2 19.6 67.6 4.5 96 
97 1967 Feb 21 19.145 67.917 4.9 49 
98 1967 Mar 1 19.2 67.8 4.6 33 
99 1967 Mar 20 19.31 64.94 4.8 21 
100 1967 Mar 26 19.67 63.32 4.5 32 
101 1967 Apr 5 18.6 63.6 4.5 1 
102 1967 Apr 6 19.6 64.2 4.6 13 
" 'I 103 1967 Apr 10 19.3 63.6 4.8 ~ 1 j 104 1967 Apr 11 17 .9 63.5 4.6 
105 1967 Apr 12 19.3 63.6 4.5 38 
... 
106 1967 Apr 12 18.00 68.39 5.3 27 
107 1967 Apr 18 19.53 64.50 4.7 32 
..... 108 1967 Apr 19 18.8 69.6 103 5.0 
109 1967 May 5 18.54 68.70 5.5 280 
110 1967 May 13 18.55 69.95 4.9 77 
11 1 1967 Jun 9 19.37 63.21 4.6 53 
112 1967 Jun 13 19. 1 66.3 4.5 79 
113 1967 Jun 14 19.61 66'.53 4.9 0 
114 1967 Jul 25 19.5 63.6 4.8 65 
115 1967 Ju1 25 19.7 63.45 4.5 32 
116 1967 Aug 15 19.2 68.5 4.9 39 
117 1967 Sep 3 18.64 67.67 5.5 
118 1967 Sep 12 18.5 63.3 5.2 64 
119 1968 Mar 29 18.8 64.8 4.7 60 
120 1968 Apr 13 19.0 66.9 5.1 51 
121 1968 Apr 26 18.2 68.0 4.6 95 
122 1968 May 2 18.776 69.636 5.8 82 
i:!.> 123 1968 Oc t 1 6 19.172 69.838 5.2 36 
~.:'··1 124 1968 Oct 31 17.924 67.604 4.7 46 ::-
125 1968 Nov 17 19.106 68.056 4.5 33 
126 1969 Ja n 3 18.500 65.062 4.7 113 
-.... 127 1969 Apr 6 19.408 64.578 4.6 33 
~- 128 1969 Jun 20 20.0 64.2 4.7 33 
129 1969 Jun 20 19·9 64.4 4.5 51 
130 1969 Jun 21 19.8 64.4 4.7 50 
~: 131 1969 Jun 30, 20.0 64.1 5.3 17 
132 1969 Jul 27 20.0 64.2 5.0 33 
~~:~~, 133 1969 Jul 29 19.9 64.1 5.1 32 
-:;('",: 134 1969 Aug 1 18.8 64.4 5.0 47 
....:..; 
135 1969 Aug 11 20.1 64.3 4.9 
136 1969 Aug 11 19.9 64.3 5.0 10 
:" ':~ 137 1969 Oct 15 19.3 65.4 4.8 50 
138 1969 Dec 2 18.7 63.2 4.6 35 
139 1970 Apr 7 18.2 68.1 4.7 93 
140 1970 May 8 19.6 64.7 4.6 
